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Abstract Viscosity of monoterpene‐derived secondary organic aerosols (SOAs) as a function of
temperature and relative humidity (RH), and dry SOA glass transition temperatures are reported.
Viscosity was measured using coalescence time scales of synthesized 100 nm dimers. Dry temperature‐
dependent SOA viscosity was similar to that of citric acid, coal tar pitch, and sorbitol. The temperature where
dry viscosity was 106 Pa·s varied between 14 and 36 °C and extrapolated glass transition varied between −10
and 20 °C (±10 °C). Mass fragment f44 obtained with an Aerosol Chemical Speciation Monitor was
anticorrelated with viscosity. Viscosity of humidified Δ3

‐carene and α‐pinene SOAs exceeded 106 Pa·s for all
subsaturated RHs at temperatures <0 and –5 °C, respectively. Steep viscosity isopleths at 106 Pa·s were
traced for these across (temperature, RH) conditions ranging from (approximately −5 °C, 100%) and
(approximately 36 °C, 0%). Differences in composition and thus hygroscopicity can shift humidified viscosity
isopleths for SOAs at cold tropospheric temperatures.

Plain Language Summary Airborne particles in the environment can be harmful to human
health and are part of the climate system. These particles and any harmful substances they may carry can
be broken down by oxidants or removed by water. This is easier if the particles are liquid and becomes more
difficult if particles are semisolid (like peanut butter) or solid (like glass). However, viscosity is hard to
measure for nanoscale airborne particles. Recent advances have made this possible. In this study we
measured the viscosity of several types of oxidized organic aerosols at different temperatures and humidities.
We collided and melted together 100 nm particles in a continuous flow system. Without moisture, the
particles were as hard as pitch and melted between 14 and 36 °C. At temperatures 20° colder they could be
considered as hard as glass. The chemical marker for more oxidized material was correlated with softer
particles. Below −5° we were unable to liquefy the particles even with high relative humidity. The particles
melted at about −5° at 100% relative humidity and at 36° dry, with intermediate points connecting these
extremes. We found that the composition and water solubility of the particles affects their viscosity at
cold temperatures.

1. Introduction

Several laboratory studies have reported that secondary organic aerosols (SOAs) can exist in viscous semi-
solid or glassy states at low relative humidity (RH). These include SOA formed from oxidation of isoprene
(Song et al., 2015), monoterpene (Grayson et al., 2016; Järvinen et al., 2016; Pajunoja et al., 2014;
Renbaum‐Wolff et al., 2013; Zhang et al., 2015), and aromatic (Saukko et al., 2012; Song et al., 2016)
precursors. High viscosity is associated with slower diffusion (Zobrist et al., 2008), intraparticle mixing
(Ye et al., 2016), and multiphase chemistry (Gržinić et al., 2015; Slade & Knopf, 2014) and can trap
carcinogens inside the organic matrix (Shrivastava et al., 2017; Zelenyuk et al., 2012). Taking RH depen-
dence into account, Shiraiwa et al. (2017) estimate that SOA is semisolid to glassy in the boundary layer
over midlatitude dry areas (United States, most of Europe) and liquid over the tropics and arctic, where
RH is higher. Most experimental studies investigate SOA at room temperature and report viscosity
decreasing with increasing RH. To our knowledge, the temperature‐dependent SOA viscosity and glass
transition temperatures (Tg) of dry SOAs have not been reported (Reid et al., 2018). Complete
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amorphous phase diagrams quantifying aerosol viscosity as a function of temperature (T) and RH are
necessary for accurate prediction of SOA phase in next generation models that predict SOA composition,
size distributions, and mass (Zaveri et al., 2014).

Here we present experimentally derived phase diagrams for SOAs undergoing induced viscosity transitions
at 106 Pa·s. SOAwas generated by oxidizingmonoterpenes inside a laminar flow tube reactor. Variable T and
RHwere used to induce a viscous transition of particle dimers into spheres using an aerosol coalescence and
isolation technique (Marsh et al., 2018; Rothfuss & Petters, 2016, 2017a). Dry experiments probed the
T‐dependent viscosity transition at 106 Pa·s and Tg was determined by extrapolating to the glass transition
viscosity. Dry viscosities were compared to chemical composition using an Aerosol Chemical Speciation
Monitor (ACSM).

2. Materials and Methods
2.1. SOA Generation

SOA precursors included α‐pinene (Aldrich, 99%), Δ3
‐carene (Aldrich, >90%), myrcene (Aldrich, >95%),

limonene (Aldrich, 99%), and ocimene (Aldrich, >90%), all used without further purification. SOA was gen-
erated in a laminar stainless steel continuous‐flow tube reactor similar in inlet design and dimensions to that
of Bilde et al. (2003). A zero‐air generator (Teledyne 701) supplied the reactor with hydrocarbon‐free air.
Sheath and central flows were introduced by separate inlets and the central inlet included a variable‐depth
injector. The sheath:central flow ratio was 1.2:0.4 L/min and the average residence time in the flow reactor
was 65 s. Ozone was generated at high concentration (~2,000 ppm) via corona discharge and injected into the
central flow. Liquid monoterpene was injected and evaporated at 35 nl/min into the sheath flow. The high
O3 concentrations were used to oxidize the precursor on short time scales. After the reactor, most O3 was
removed by passing the aerosol through a diffusion dryer filled with catalyst (Carulite 200 Mesh) to quench
further chemical reaction and to protect the equipment. Ozone concentrations were measured using UV
absorption at 254 nm (2B technologies) after the catalyst and ranged from 0.5 to 3 ppmv. The aerosol was
then routed to either a viscosity measurement, a Scanning Mobility Particle Sizer (SMPS; described by S.
S. Petters & Petters, 2016) or an ACSM (Ng et al., 2011). The size distribution of the SOA stabilized after
~2 hr with a mode diameter ~100 nm and SMPS‐derived volume concentrations ranging between 1,950
and 3,500 μm3/m3. The ACSM (inlet flow 0.1 L/min) sampled particles downstream of the SMPS, set to select
100 nm particles, and a variable dilution flow to avoid saturating the detector. Mass concentrations in the
ACSM ranged between 10 and 40 μg/m3 and mass spectra were recorded for ~10 min for each SOA. The
ACSM mass spectra were used to find the fraction of SOA mass at m/z = 44 (f44) and m/z = 43 (f43).

2.2. Viscosity Measurements

Viscosity near 106 Pa·s was measured as a function of T and RH by inducing a viscous transition between
4 × 105 and 6 × 106 Pa·s, centered near 106 Pa·s. Due to the methods employed, throughout this work we
discuss viscosity in terms of the thermodynamic conditions under which viscosity change was observed.
Extrapolated dry viscosities at 0 ≤ T ≤ 30 °C are given in the supporting information (SI).

The setup has been described previously (see Marsh et al., 2018, Figure 1). Two differential mobility analy-
zers (sheath:sample flow 3:0.5 L/min) of opposite polarity were used to select 100 nm particles carrying
opposite charge. The aerosol streams were combined and particles coagulated in a chamber to form
charge‐neutral dimers. Charged particles were removed using an electrostatic filter. Neutral dimers were
passed through a temperature‐controlled conditioner with a residence time of 5 s. In the conditioner, either
T or RHwas varied to induce partial or complete relaxation from hourglass shapes into spheres. Themobility
diameter of the dimers was scanned downstream using an SMPS (sheath:sample flow 1:0.3 L/min). The peak
mobility diameter contains information about particle shape, and the dimer coalescence technique allows
viscosity to be calculated from changing shape. Viscosity was calculated from monomer diameter
(100 nm), coalescence time scale (5 s), and surface tension (0.03 N/m) using the algorithm of Rothfuss
and Petters (2016). Calculations are described elsewhere (Marsh et al., 2018; Rothfuss & Petters, 2016) and
in the SI. Surface tension was assumed based on typical values for pure organic liquids (Korosi & Kovats,
1981) and α‐pinene‐derived SOA (Hritz et al., 2016). For 100 nmmonomers the viscosity transition measure-
ment is near 106 Pa·s.
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The coagulation chamber, electrostatic filter, conditioner, and SMPS were placed in an insulated box whose
temperature was held constant at various setpoints between −22 and 30 °C using a recirculating chiller
(hereafter referred to as system T). Accurate operation of the SMPS down to −22 °C has been demonstrated
(Wright et al., 2016). Conditioner T or RH was varied using either isothermal humidification (RH‐scans) or
dry (RH ≤0.5%) temperature scans (T‐scans). To prevent dimer relaxation outside the 5 s conditioner resi-
dence time, the system T was held at least 5 °C colder (for T‐scans) or 5 °C warmer (for RH‐scans) than
the conditioner. Temperatures were measured by thermistors with ±1.0 °C accuracy. Humidification was
achieved by passing zero‐air through a Nafion humidifier at 0.1–1 L/min and flowing this into the coagula-
tion chamber. Humidity was measured using a chilled mirror hygrometer with ±0.2 °C dewpoint/frostpoint
accuracy, and was varied by changing the humidifier T and flow rate. System T, conditioner T, conditioner
RH, and associated uncertainties for each experiment are reported in the SI.

2.3. Glass Transition Temperatures

Glass transition temperatures were calculated for dry SOAs by extrapolating the T‐dependent viscosity to the
glass transition point using a fit to the Vogel‐Fulcher‐Tammann (VFT) equation (Fulcher, 1925):
log10η = A + B/(T − T0). Here η is viscosity and A, B, and T0 are fitted constants. Dry experiments were
performed for all SOAs to determine both T at the midpoint of dimer relaxation (~106 Pa·s) and the values
of A, B, and T0. Based on the convention that glass transition occurs at 1012 Pa·s (Debenedetti & Stillinger,
2001), the VFT equation yields Tg = B/(12 − A) + T0.

3. Results and Discussion

Figure 1 shows the temperature dependence of viscosity for five SOAs in the context of a range of substances.
Data from the T‐scans, VFT fit parameters, and extrapolated Tg and viscosities in the range 0 ≤ T≤ 30 °C are
tabulated in the SI. The temperature of the 106 Pa·s transition varied between 14 and 36 °C for these dry
SOAs and was not correlated with precursor structure. The uncertainty in this temperature is <2 °C based
on the 95% confidence interval of the fit (Table S1). Uncertainty in estimated viscosity due to the assumed
surface tension is negligible (Marsh et al., 2018). Estimated values for Tg are 12–27 °C below the T associated
with the 106 Pa·s transition. The uncertainty of the extrapolated Tg is ±10 °C based on validation with
sucrose, citric acid, and binary mixtures of sucrose/citric acid and sucrose/sodium nitrate (Marsh et al.,
2018; Rothfuss & Petters, 2017a). Viscosity of dry SOAs covers a relatively narrow range and is similar to that
of citric acid, coal tar pitch, and sorbitol.

Figure 1. Temperature‐dependent viscosities and extrapolation to Tg of dry SOAs. Colored circles show viscosity derived
from the fit of the transition from uncoalesced to coalesced (Figure S1); lines show Vogel‐Fulcher‐Tammann fits to the
viscosity; and triangles show Tg. Gray filled circles and dashed lines are data/Vogel‐Fulcher‐Tammann fits from the lit-
erature (tabulated in the supporting information). (a) α‐pinene‐derived SOA; (b) five SOAs, including threemeasurements
forΔ3‐carene‐derived SOA, compared to other substances (Diamante & Lan, 2014;Wood &Downer, 1965; Yanniotis et al.,
2006). Colors match side illustrations showing precursor structures. SOA = secondary organic aerosol.
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Comparison with literature values is possible for a subset of our measurements. The viscosity of terpene‐
derived SOAs has been studied by various investigators using a wide range of techniques (Abramson
et al., 2013; Bateman et al., 2015; Grayson et al., 2016; Hinks et al., 2016; Hosny et al., 2016; Järvinen
et al., 2016; Kidd et al., 2014; Pajunoja et al., 2014, 2015; Price et al., 2015; Renbaum‐Wolff et al., 2013;
Saukko et al., 2012; Yli‐Juuti et al., 2017; Zhang et al., 2015). Most of these studies focused on α‐pinene,
the majority of which have shown that viscosity of dry α‐pinene‐derived SOA is ≥106 Pa·s at room tempera-
ture (Abramson et al., 2013; Grayson et al., 2016; Pajunoja et al., 2014; Renbaum‐Wolff et al., 2013; Yli‐Juuti
et al., 2017; Zhang et al., 2015). This is consistent with our result (1.5 × 106 Pa·s at 20 °C; see Table S2).
However, α‐pinene‐derived SOA viscosities vary greatly between studies, and this is discussed below. The
diversity of results is also apparent with ice nucleation measurements for SOA at cirrus temperatures
(Charnawskas et al., 2017; Ignatius et al., 2016; Wagner et al., 2017), which is thought to be controlled in part
by viscosity (e.g., Baustian et al., 2013; Berkemeier et al., 2014; Murray et al., 2010). The wide range of results
for SOA from one precursor complicates comparisons between precursors. For example, Hosny et al. (2016)
show that myrcene‐derived SOA viscosities overlap α‐pinene‐derived SOA viscosities from their own work
and from Price et al. (2015) but are less viscous than α‐pinene‐derived SOA of Renbaum‐Wolff et al.
(2013). In this work, myrcene‐derived SOA viscosity is lower than that of α‐pinene at room temperature
(3.3 × 105 vs 1.5 × 106 Pa·s). Hinks et al. (2016) show that limonene‐derived SOA is less viscous than
α‐pinene‐derived SOA, in contrast with our observations but at much lower mass loading. Elucidation of
relationships between SOA types and viscosity is not possible without better understanding of compositional
differences and how these relate to reaction conditions. In the coming years, collaborative viscosity inter-
comparison experiments and viscosity models for laboratory conditions could provide clarification.

Figure 2 shows that the measured temperature of the 106 Pa·s transition is inversely correlated with f44 and
positively correlated with f43. Similar correlations are observed for the extrapolated Tg (Figure S2). The
fragments f44 and f43 are proxies for the elemental O:C and H:C ratios of the SOA mixture, respectively
(Aiken et al., 2008). Oxidation state can be obtained as O:C− 2 × H:C (Kroll et al., 2011). The trend therefore
implies that increasing oxidation state decreased viscosity. The following paragraph discusses this trend.

Organic viscosity is sensitive to a number of factors. Viscosity increases with the number of functional
groups attached to the carbon chain, compound molecular weight, and depends on molecular structure
(Koop et al., 2011; Rothfuss & Petters, 2017b). Parameterizations of Tg based on single component data
include appropriate terms for O:C ratio and molecular weight (Shiraiwa et al., 2017). The inverse relation-
ship with O:C (e.g., with f44) in Figure 2 implies covarying molecular weight. The measured f44 fractions
suggest that these SOAs are highly oxidized (e.g., Lambe et al., 2011). Therefore, it is plausible that differ-
ences in molecular size explain the observed trend between SOA from different precursors. This is consistent
with measurements by Collier and Brooks (2016), who show that oxidation of squalene, which undergoes
functionalization, increased its viscosity, whereas oxidation of squalane decreased its viscosity due to

Figure 2. Temperature of the 106 Pa·s viscosity as a function of f44 and f43 measured by the Aerosol Chemical Speciation
Monitor. Vertical bars correspond to the viscosity transition from 4 × 105 to 6 × 106 Pa·s, defined by the standard deviation
of the logistic curve (Figure S1). Horizontal bars correspond to one standard deviation of the data. Coefficients of deter-
mination (R2) for the linear models are shown in the top left corners.
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molecule fragmentation. A quick survey of sensitivity to known factors
controlling viscosity reveals that the ~30 °C differences in observed viscos-
ity transition shown in Figure 2 could be explained by the difference of a
single polar functional group such as hydroxyl (OH) or carboxyl
(O=COH; Rothfuss & Petters, 2017b); structural differences in organic
molecules of otherwise identical composition (Rothfuss & Petters,
2017b); a difference in molecular weight of ~30 Da (~1 °C/Da; Shiraiwa
et al., 2017); or a combination of these effects.

Figure 3 summarizes the T‐ and RH‐dependent experiments showing the
transition from 4 × 105 to 6 × 106 Pa·s. The graph can be interpreted as an
amorphous phase state diagram. Conditions colder than the shaded area
correspond to more viscous states, rapidly approaching glassy states ~20
to 30 °C below the observed transition (Figure 1 and Marsh et al., 2018;
Rothfuss & Petters, 2017a). Conditions warmer than the shaded area
correspond to less viscous states. The transition regions for Δ3

‐carene‐
derived SOA and α‐pinene‐derived SOA are offset by 10 to 15 °C.
Furthermore, the transition region appears to be wider for the
Δ3

‐carene‐derived SOA than for the α‐pinene‐derived SOA. This could
be because more repeat experiments were performed for Δ3

‐carene, but
the difference is also noticeable for individual scans. Colder than 0 °C
(Δ3

‐carene) or−5 °C (α‐pinene), relaxation into a sphere was not observed
at any subsaturated RH (RH < 96%).

Figure 4 shows the α‐pinene‐derived SOA transition between 4 × 105 and
6 × 106 Pa·s in the context of published studies. Here sucrose and citric
acid are included as representative viscous organic aerosols and because

their amorphous phase transitions are well understood based on multiple studies. Sucrose data (Rothfuss
& Petters, 2017a) and sucrose and citric acid models (Marsh et al., 2018; Rothfuss & Petters, 2017a) corre-
spond to a viscosity of 5 × 106 Pa·s. Citric acid data are omitted to avoid clutter. Several published
α‐pinene‐derived SOAs are shown. Data from Järvinen et al. (2016) correspond to a viscosity of ~107 Pa·s.
Data from Zhang et al. (2015) and Grayson et al. (2016) were included by finding the reported RH at
106 Pa·s. Although viscosities are slightly mismatched between data sets in Figure 4, the viscosities overlap
at the edges of the respective measurement ranges and are close enough to permit evaluation of trends. Note
that additional α‐pinene‐derived SOA observations (Abramson et al., 2013; Bateman et al., 2015; Hinks et al.,
2016; Kidd et al., 2014; Pajunoja et al., 2014, 2015; Renbaum‐Wolff et al., 2013; Saukko et al., 2012) were
omitted because thermodynamic conditions where viscosity is near 106 Pa·s could not be derived from the
reported data.

Figure 3. Viscous phase transitions of secondary organic aerosol derived
from oxidation of Δ3‐carene and α‐pinene, as a function of T and RH.
Circles correspond to the midpoint of one T or RH scan and correspond to
106 Pa·s. Points at 0% RH show T‐scans. Horizontal bars (T scans) and ver-
tical bars (RH‐scans) show the viscosity transition from 4 × 105 to
6 × 106 Pa·s, defined by the standard deviation of the logistic curve
(Figure S1). Shaded areas circumscribe the transition regime (for coordi-
nates see supporting information). Squares show experiments where visc-
osity did not change at the highest measured RH (96–100%). RH = relative
humidity.

Figure 4. Comparison of α‐pinene‐derived secondary organic aerosol data with published studies. Vertical bars are the
error bars from the original sources. The shaded range in the Järvinen et al. (2016) data is the range where shape
relaxation of 500–1,000 nm particles was observed during cloud chamber expansions. Room temperature data are plotted
at 22 °C. Room temperature data of Grayson et al. (2016) are offset for clarity.
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The viscosity of humidified SOAs behaved differently from that of pure organics. The sucrose and citric acid
viscosity isopleths differ substantially from the α‐pinene‐derived SOAs observed in this study. The model for
these compounds (and their mixtures) is anchored by the transition temperature at 0% RH and by the Tg of
pure water at 100% RH via a modified Gordon‐Taylor mixing rule and hygroscopicity model (Berkemeier
et al., 2014; Koop et al., 2011; Marsh et al., 2018; Rothfuss & Petters, 2017a). The curvature of this isopleth
depends on the product of the Gordon‐Taylor constant and the hygroscopicity. SOAs from this study have
much steeper isopleth that intersect 100% RH near 0 °C and application of the cited Gordon‐Taylor model
is unable to explain the trend.

Although the dry viscosities are consistent between studies, the viscosities of humidified α‐pinene‐derived
SOAs are not. For example, α‐pinene‐derived SOA from Zhang et al. (2015), broadly consistent with
Renbaum‐Wolff et al. (2013), has viscosity ~106 Pa·s at 50% RH at room temperature, ~50 °C warmer than
the SOA of Järvinen et al. (2016). Results from this study fall between these extremes. Furthermore, the
isopleth of Järvinen et al. (2016) has a shallower slope than that of this study. Grayson et al. (2016) demon-
strated a systematic decrease of viscosity at room temperature with increasing mass loading during SOA
generation. When the Järvinen et al. (2016) measurements are extrapolated toward dry conditions,
Figure 4 supports this finding. The observed relaxation for dry α‐pinene‐derived SOA from this study is
consistent with the Grayson et al. (2016) data at similar mass loadings. Differences in these data sets could
stem from differences in viscosity measurement or differences in SOA generation and composition. SOA
generation techniques are optimized differently for different viscosity measurements. We focus here on
potential differences in the properties of the generated SOAs, which are now discussed.

3.1. Diffusion Time Scale

The measurements from Zhang et al. (2015), Järvinen et al. (2016), and this study use coalescence to infer
viscosity. Zhang et al. (2015) and Järvinen et al. (2016) use particle agglomerates formed by Brownian
coagulation, this study uses synthesized dimers. The sizes and residence times also differ: Zhang et al.
(2015) used 126–190 nm particles with coalescence times between 35 and 310 s, Järvinen et al. (2016) used
500–1000 nm particles with 10 min coalescence time. This study uses 100 nm particles with 5 s coales-
cence time. Water uptake is responsible for reduced viscosity. Therefore, slower water diffusion at cold
temperature might be hypothesized to explain the steepness of the viscosity isopleths from this study
(Figures 3 and 4). This is unlikely. Rothfuss et al. (2018) measured the time scale for supermicron dry
glassy particles to take up water at elevated RH between −10 and 20 °C. Although diffusional limitations
were observed, estimated equilibration times scales for submicron particles were <100 ms. However, the
Rothfuss et al. (2018) data are limited to hygroscopic single component model compounds such as
sucrose. Price et al. (2015) and Lienhard et al. (2015) show data for α‐pinene‐derived SOA. Their measure-
ments suggest that equilibration time scale for 100 nm particles at 0 °C is at most 1 s (assuming Fickian
diffusion), and close to 1 s at −10 °C. Moreover, Lienhard et al. (2015) show that water equilibration with
100 nm α‐pinene‐derived SOA occurs as fast (or faster) than for sucrose. As demonstrated in Figure 4 the
residence time used in this study is suitable to resolve the viscosity transition for sucrose down to −10 °C.
Although SOAs differ across studies, we find it unlikely that kinetic limitations explain our steep
viscosity isopleth.

3.2. Composition and Solubility

The chemical composition of the SOA from the same precursor under different reaction conditions and
between different monoterpene precursors is certainly different. Changes in functional group composition
affect hygroscopicity, solubility in water, dry compound viscosity, and indirectly the extent of oligomer
formation (Algrim & Ziemann, 2016; Kuwata et al., 2013; M. D. Petters et al., 2016; Rothfuss & Petters,
2017b; Suda et al., 2014). The sensitivity of viscosity and viscosity isopleths to molecular structure, func-
tional group composition, molecular weight, and water content (Rothfuss & Petters, 2017a, 2017b;
Shiraiwa et al., 2017) is likely responsible for the diversity of viscosity results for α‐pinene‐derived
SOAs between studies. One possible explanation for the observed steep viscosity isopleth is that the
SOA does not absorb water at cold temperatures due to solubility limitations. The effect may also be tied
to the SOA generation conditions and may be unique to the method employed here. This study has insuf-
ficient data to test these hypotheses. Since the equilibrium water content is critical for understanding the
phase diagram, concurrent measurements of water uptake at cold temperature (e.g., Weingartner et al.,
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2002) are recommended for future studies. Furthermore, a mechanistic understanding of the range of
results for α‐pinene‐derived SOAs is necessary in order to extrapolate laboratory studies to the phase
state of ambient SOA.

4. Summary and Conclusions

The temperature and RH dependence of viscosity was investigated for 100 nm SOA derived from the ozono-
lysis of five monoterpenes. The observed temperature dependence of viscosity for dry particles was similar to
that of citric acid, coal tar pitch, and sorbitol. Glass transition temperatures were obtained by extrapolation
of temperature‐dependent viscosity to 1012 Pa·s. These ranged from−10 to 20 °C (±10 °C). The SOA viscosity
(i.e., the temperature at which viscosity was 106 Pa·s) decreased with increasing f44 and increased with
increasing f43, as determined from mass spectrometry. This suggests that more highly oxidized SOAs were
less viscous, likely due to changes in molecular weight. Results from this study are within the large range
of literature results for SOA viscosity. Unique to this study, high RHwas insufficient to plasticize SOA at cold
temperatures. This is unlikely due to diffusional limitations. Prediction of aerosol phase for broader contexts
will require an improved understanding of the water uptake at cold temperatures and compositional depen-
dence of SOA viscosity.

Data

Data supporting the conclusions are obtained from the supporting information.
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